We purified an antibacterial peptide from the larval hemolymph of a coleopteran beetle, Acalolepta luxuriosa. Using structure analysis and cDNA cloning, this peptide was identified as a novel member of the insect defensin family and named A. luxuriosa defensin 1. A. luxuriosa defensin 1 shares high sequence similarity with other defensins, especially coleopteran defensins. A dendrogram of coleopteran insect defensins based on sequence homology revealed that A. luxuriosa defensin is closer to Tenebrionoidea defensin than to Scarabaeoidea defensin, which parallels the evolutionary relationship of these coleopteran insects. Although A. luxuriosa defensin 1 was most homologous with Tenebrio molitor tenecin 1, its antibacterial spectrum was broader, affecting the growth of Gram-positive and Gramnegative bacteria, suggesting that the variability of the antibacterial spectrum results from small sequence differences.
INTRODUCTION
Antimicrobial peptides are defense molecules with innate immunity common to vertebrates, invertebrates, plants, and microorganisms. In insect immunity, antimicrobial peptides are induced mainly in fat bodies and hemocytes and sometimes in other tissues upon injury or microbial infection, and these are secreted into the hemolymph or surface of tissues to eliminate microorganisms.
The study of insect antimicrobial peptides has developed since cecropin, an inducible antibacterial peptide, was found in the pupae of Hyalophora cecropia (Hultmark et al., 1980; Steiner et al., 1981) . Today, more than 170 peptides have been reported from various insects. Antimicrobial peptides of insect, vertebrate, and plant origin are classified into three broad categories based on sequence and structural features. These are (1) linear peptides that form an a-helix and lack cysteine residues, (2) peptides with an overrepresentation of proline or glycine residues, and (3) cyclic peptides containing cysteine residue (reviewed by Bulet et al., 1999) . Insect defensins belong to the third category. They are predominantly active against Gram-positive bacteria, and slightly active against Gram-negative bacteria and fungi (reviewed by Hetru et al., 1998) . Insect defensins take part in innate immunity in all insect orders that have been studied. Therefore, they appear to be basic defense molecules common to insect immunity.
Research into insect antimicrobial peptides has examined the signaling mechanisms involved in antimicrobial host defense. Antimicrobial peptides have been studied in detail in the fruit fly Drosophila melanogaster, which is often used in molecular biology studies, resulting in the detection of six distinct peptides (cecropin, diptericin, defensin, drosomycin, attacin, and metchnikowin) involved in Drosophila host defense, and their isoforms (Kylsten et al., 1990; Wicker et al., 1990; Dimarcq et al., 1994; Fehlbaum et al., 1994; Asling et al., 1995; Levashina et al., 1995) . On immune challenge, the induction of these antibacterial and antifungal peptides is controlled by distinct intra-cellular signaling cascades and by cross-talk between them (for reviews, see Engström, 1999; Imler and Hoffmann, 2000) . In contrast to the induction of antimicrobial peptides in the fat body through systemic injury, it has been reported that the local expression of antimicrobial peptides in surface epithelia is controlled independently in a tissue-specific manner (Tzou et al., 2000; Tingvall et al., 2001) .
Insects, the most diverse animal group, accounting for more than 70% of the species in the animal kingdom, have diversified remarkably since they appeared three billion years ago. This diversification not only involves macroscopic characteristics, such as those affecting morphology and the lifecycle, but also sub-microscopic characteristics represented by various biomolecules including antibacterial peptides. The discovery of novel antibacterial peptides specific to Lepidoptera such as lebocin and moricin in Bombyx mori and a glycine-rich peptide named coleoptericin (Bulet et al., 1991) , which is specific to Coleoptera, suggests the presence of order-or species-specific antibacterial peptides. Although the Coleoptera is the most diverse order of insects, the study of antibacterial peptides in this order is limited to six insects belonging to two superfamilies, the Scarabaeoidea and Tenebrionoidea, and has resulted in the isolation of the insect defensin and coleoptericin molecule families (Bulet et al., 1991; Lee et al., 1994 Lee et al., , 1995 Moon et al., 1994; Miyanoshita et al., 1996; Yang et al., 1998; Ishibashi et al., 1999) .
To further the understanding of innate insect immunity, we investigated the antibacterial peptides involved in the host defense of Acalolepta luxuriosa, a coleopteran insect belonging to the superfamily Cerambycoidea. In this report, we describe the purification and cDNA cloning of A. luxuriosa defensin 1, a novel member of the insect defensin family. A. luxuriosa defensin 1 showed high sequence similarity with tenecin 1, the insect defensin of Tenebrio molitor , which belongs to the Tenebrionoidea, near relatives of the Cerambycoidea. Although A. luxuriosa defensin 1 was homologous to tenecin 1, its antibacterial spectrum was broader.
MATERIALS AND METHODS

Insects.
A. luxuriosa was cultured in a laboratory according to the methods of Akutsu (1985) .
Microorganisms. Bacterial strains were grown in LB medium at the following temperatures: Erwinia persicinus IAM12843 and Serratia marcescens IAM12142 at 25°C; Aeromonas hydrophila IAM12460, Bacillus cereus IAM1110, Bacillus subtilis IAM1071, and Micrococcus luteus IAM1056 at 30°C, and Escherichia coli K12 W3110, Proteus vulgaris IAM12542, and Staphylococcus aureus IAM12544 at 37°C. Saccharomyces cerevisiae IAM4125 was grown in YM medium at 25°C.
Immunization and collection of hemolymph. In our experience, formalin-fixed bacteria are most effective for inducing overall antimicrobial activity in A. luxuriosa (data not shown). Formalin-fixed E. coli, washed and suspended in physiological saline (150 mM NaCl, 5 mM KCl, pH 6.8) at 8.5ϫ10 8 cells/ml, were prepared as the inoculum. A. luxuriosa larvae were injected with 30 ml of formalinfixed E. coli. The hemolymph was collected 24 h later, and centrifuged for 20 min at 1,400ϫg and 4°C to obtain a clear supernatant.
Purification of antibacterial peptide.
Step 1. ) open-column chromatography: Two-fold diluted hemolymph samples were run on Sep-Pak C 18 cartridge columns (Waters) pre-equilibrated with 0.05% trifluoroacetic acid (TFA). Elution was performed stepwise with 20, 30, and 100% acetonitrile acidified with 0.05% TFA. Each fraction was lyophilized and dissolved in distilled water (DW).
Step 2. Reverse-phase (C 18 ) HPLC: The 30% acetonitrile eluent was subjected to reverse-phase HPLC on TSKgel ODS 120T (300ϫ7.8 mm, C 18 ) columns (TOSO). Fractions were isolated with a linear gradient of 20-40% acetonitrile and 0.05% TFA at a flow rate of 1 ml/min for 120 min and then lyophilized and dissolved in DW.
Step 3. Reverse-phase (C 8 ) HPLC: The active fraction dissolved in DW was subjected to reversephase HPLC on a Symmetry ® C 8 3.5 mm (100 ϫ4.6 mm) column (Waters) and eluted with a linear gradient of 10-40% acetonitrile and 0.05% TFA at a flow rate of 1 ml/min for 60 min. Fractions were lyophilized and dissolved in DW.
Step 4. Final purification: The antibacterial pep-tide was finally purified using the same reversephase HPLC system used in Step 3, with a linear gradient of 20-30% acetonitrile and 0.05% TFA at a flow rate of 1 ml/min for 120 min. Fractions were lyophilized and dissolved in DW.
For the assay of antibacterial activity, plate growth inhibition assays using M. luteus IAM1056 were performed as follows. First, 5 ml of LB 0.5% agar medium containing 1ϫ10 7 logarithmic-phase bacterial cells were poured on 1.5% agar LB medium in a 9-cm Petri dish. After cooling, 5 ml of the sample were dropped on the gel and the plates were incubated at 30°C for 24 h.
Molecular mass measurement. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was conducted on a Voyager Elite TM Biospectrometer (PerSeptive Biosystems) operating in linear mode, using acyano-4-hydroxycinnamic acid (Aldrich) as the matrix. Mass spectra were obtained by averaging 256 shots, and were externally calibrated with a mixture of two standard peptides (bacitracin and insulin b chain with [MϩH] ϩ ion at an m/z of 1422.7 and 3494.6, respectively).
Assay of antibacterial activity. A liquid growth inhibition assay was performed to determine the antibacterial activity of A. luxuriosa defensin 1, according to the assay conditions of Lee et al. (1994) . Three microliters of logarithmic phase culture solutions of the bacterial strains or yeast were suspended in 47 ml of LB medium and 50 ml of diluted peptide. The mixture was incubated with shaking for 5 h for A. hydrophila, E. coli, P. vulgaris, S. aureus, and S. marcescens, or for 10 h for B. cereus, B. subtilis, E. persicinus, M. luteus, and S. cerevisiae, using 96-well microplates. Microbial growth was assessed by the increase at A 595 after incubation using a microtitration plate reader. The minimal inhibitory concentration (MIC) values are expressed as the interval a-b where a is the highest peptide concentration tested at which bacteria or yeast are still growing, and b is the lowest concentration that causes complete growth inhibition. The peptide concentration was determined by the method of Bradford (1976) , using a Coomassie ® Protein Assay Reagent Kit (Pierce).
Partial amino acid sequences analysis. The purified peptide was subjected to Tricine SDS-PAGE (Schagger et al., 1987) , and then transferred to PVDF membrane. The partial N-terminal amino acid sequence of the antibacterial peptide was determined by automated Edman degradation performed with an automatic amino acid sequencer (model HP241, Hewlett Packard).
Cloning of cDNA and nucleotide sequencing. Total RNA was extracted from sixth instar larval fat bodies using a QuickPrep ® Total RNA Extraction Kit (Pharmacia) 12 h after injection of 30 ml of fixed E. coli, as described above. One microgram of extracted total RNA treated with DNase was used for cDNA synthesis. The first strand cDNA was synthesized with a mixture of two adapter primers of 12 or 18 oligo dT associated with M13M4 nucleotide sequences (dT12M13M4 prim er: 5Ј-GTTTCCCAGTCACGACdT(12)-3Ј, dT18-M13M4 primer: 5Ј-GTTTCCCAGTCACGACdT (18)-3Ј) using an RNA PCR Kit AMV Ver. 2.1 (Takara). The PCR conditions used for cDNA synthesis were one cycle of 30°C for 10 min, 42°C for 60 min, and 99°C for 5 min, followed by incubation at 5°C for 5 min.
Next, PCR using the synthesized cDNA as the template was performed with forward primer D-1 (5Ј-TTYACITGYGAYGTIYT-3Ј) and reverse primer M13M4 (5Ј-GTTTCCCAGTCACGAC-3Ј). Primer D-1 was designed from the N-terminal sequence of A. luxuriosa defensin 1, and primer M13M4 was compatible with the adapter primers used to synthesize the first strand cDNA. The PCR protocol was 95°C for 1 min, followed by 30 cycles of 95°C for 1 min, 40°C for 1 min, and 72°C for 1 min, with at final incubation at 72°C for 10 min. A 254-bp fragment amplified by PCR was cloned into T-overhang vector p123T (Mo Bi Tec). The sequence of the cloned cDNA was determined with an ALFred DNA sequencer (Pharmacia).
5Ј-Rapid amplification of cDNA ends (5Ј-RACE) was performed using a 5Ј-Full RACE Core Set (Takara). As the first step, the first strand cDNA was synthesized using the 5Ј phosphorylated A. luxuriosa defensin 1-specific reverse primer (5Ј-AAAATGTGTTTACA-3Ј) using 1 mg of the larval fat body total RNA described above as the template. As the second step, 5Ј-RACE was performed using the forward primer 5ЈDef1-S1 (5Ј-GAACTGGAGGATACTGCAAT-3Ј) and reverse primer 5ЈDef1-A1 primer (5Ј-AAACAGGCAAT-GAATCCCAC-3Ј) based on the determined nucleotide sequence described above. A 302-bp fragment was cloned and nucleotide sequencing was carried out as described above.
To confirm the full cDNA sequence of A. luxuriosa defensin 1, PCR was performed using A. luxuriosa defensin 1-specific primers based on the nucleotide sequences of the RT-PCR and 5Ј-RACE products mentioned above: 1DefFullS (5Ј-GATTT-CAATCCAGTCAGAGTAATTGCAAC-3Ј) for the forward primer and 1DefFullA (5Ј-ATGCACTTA-TTTACAACAATAAAA-3Ј) for the reverse primer. The PCR procedure consisted of incubation at 95°C for 1 min, followed by 30 cycles of 95°C for 1 min, 40°C for 1 min, and 72°C for 1 min, with a final incubation at 72°C for 10 min. The PCR product was subcloned and the nucleotide sequence was determined as mentioned above.
Analysis of A. luxuriosa defensin 1 gene induction by immunization. RT-PCR was used to examine the induction of A. luxuriosa defensin 1 gene by immune challenge. Sixth instar larvae were immunized with formalin-fixed E. coli as described above, and the fat body was isolated at different times (15 and 30 min, and 1, 3, 6, 12, and 24 h) after immunization. As a control, the fat body of non-immunized sixth instar larvae (represented as 0 min) was isolated. The extraction of total RNA and the synthesis of cDNA were performed as described above. Using the synthesized cDNA and A. luxuriosa defensin 1-specific primers (forward primer 1DefFullS, reverse primer 1DefFullA), 20, 25, or 30 cycles of RT-PCR were performed at 95°C for 1 min, 40°C for 1 min, and 72°C for 1 min. As an internal marker, insect actin (Fyberg et al., 1981) was amplified with primers 5Ј-AACT-GGGACGACATGGAGAAGATCTGGCA-3Ј (forward primer) and 5Ј-GAGATCCACATCTGCTG-GAAGGTGGACAG-3Ј (reverse primer). The effectiveness of the DNase treatment of total RNA was confirmed by running a PCR with insect actin primers in the absence of reverse transcriptase to ensure that there was no contamination by genomic DNA.
RESULTS
Purification of the antibacterial peptide
Fractions of the hemolymph of immune-challenged sixth instar larvae eluted with 30% acetonitrile were previously reported to possess potent antibacterial activity (Imamura et al., 1999) . Multiple fractions were first separated by reverse-phase HPLC, and some fractions showing anti-M. luteus activity were isolated. Three fractions were purified and active peptides were reported as Acaloleptin A (Imamura et al., 1999) , A. luxuriosa cyctein-rich peptide (AlCRP) (Saito et al., 2004) and Luxuriosin (Ueda et al., 2005) . In this experiment we selected a new fraction which showed potent activity against M. luteus (Fig. 1A) , and purified it in a stepwise manner (Fig. 1B, 1C) . Finally, we obtained purified peptide eluted with 23% acetonitrile in the final purification step, which was seen as a single peptide band with Tricine SDS-PAGE (data not shown). The MALDI-TOF-MS measurement gave a single molecular mass of 4,824.3 Da, confirming the purity of the antibacterial peptide (Fig. 1D) .
Antibacterial activity
Using a liquid growth inhibition assay, the antibacterial activity of the purified peptide was evaluated for four Gram-positive bacterial strains, five Gram-negative bacterial strains, and one yeast strain (Table1). Of the tested strains, the purified peptide, inhibited the growth of M. luteus the most. Furthermore, the growth of the Gram-positive bacteria B. cereus and B. subtilis was inhibited at MICs (1.5 to 6 mM) similar to those for the Gramnegative bacteria A. hydrophila, E. coli, and P. vulgaris. However the growth of the yeast strain S. cerevisiae was not affected at the concentrations tested.
Determination of the partial amino acid-sequence
Twenty residues of the N-terminal amino acid sequence of the purified peptide were determined by automated Edman degradation ( Fig. 2A) . By homology analysis, the partial sequence closely resembled that of numerous insect defensins, especially coleopteran insect defensins. Moreover, the molecular mass of the purified peptide was 4.8 kDa, which is similar to that of other insect defensins. Therefore, this antibacterial peptide was considered a novel member of the insect defensin family and named A. luxuriosa defensin 1.
cDNA cloning and sequencing of A. luxuriosa defensin 1
To determine its primary structure, we examined the full cDNA sequence of A. luxuriosa defensin 1.
Total RNA was extracted from the fat body of immune-challenged sixth instar larvae, and cDNA was synthesized using primers dT12M13M4 and dT18M13M4. PCR performed with primers D-1 and M13M4 amplified a 254-bp cDNA fragment of the putative mature peptide, and its sequence was determined. Subsequently, 5Ј-RACE was performed to analyze the 5Ј upstream sequence of A. luxuriosa defensin 1 cDNA. A 300-bp cDNA fragment was amplified, which included the putative 5Ј upstream sequence. Finally, we performed a PCR using primer 1DefFullS as the forward primer and primer 1DefFullA as the reverse primer; these were designed from the putative 5Ј and 3Ј end sequences of A. luxuriosa defensin 1, respectively. The cDNA sequence of this PCR product was confirmed to be the same as that of DNA fragments of the putative mature peptide and its 5Ј upstream end described above (Fig. 2B) .
Analysis of the PCR fragment detected an open reading frame of 249 bp, and this cDNA sequence was deduced to encode a peptide of 83 amino acid residues. Furthermore, the amino acid sequence corresponding to the N-terminal sequence of A. luxuriosa defensin 1 began at the 41st residue of the amino acid sequence deduced from the cDNA. This led us to conclude that the determined cDNA sequence was that of A. luxuriosa defensin 1. Based on the (-3, -1) rule (von Heijne, 1986) , the cleavage site for the signal peptide of A. luxuriosa defensin 1 was predicted. From these analyses, we speculated that the A. luxuriosa defensin 1 precursor consists of a 20-residue signal sequence, a 20-residue prosequence, and a 43-residue mature peptide. The polyadenylation signal sequence AATA-AA was located 91 bp downstream from the stop codon (Fig. 2B) .
Analysis of A. luxuriosa defensin 1 gene induction by immunization
To confirm the inducibility of A. luxuriosa defensin 1 by immune challenge, we performed a RT-PCR analysis using the total RNA extracted from the fat body at different times after immunization. As shown in Fig. 3 , significant induction of the A. luxuriosa defensin 1 gene was detected 3 h after immune challenge. Some induction was seen with excess amplification cycles (Fig. 3, 30 cycles) , even from the non-immunized larval fat body (Fig.  3, 0 min) ; however, this might have been due to natural infection arising from the non-sterile culture conditions. As the most part of insect defensins, the A. luxuriosa defensin was induced by immune challenge.
DISCUSSION
We purified an antibacterial peptide from the hemolymph of immune-challenged A. luxuriosa larvae by stepwise elution using reverse-phase HPLC. The purified peptide was determined to be a novel member of the insect defensin family by analyzing of its partial N terminal amino acid sequence com-340 K. UEDA et al. Saccharomyces cerevisiae IAM4125 ND a The MIC is expressed in mM as a final concentration1as mentioned in Materials and Methods. Several dilutions (6-0.047 mM) of A. luxuriosa defensin 1 were tested using the a liquid growth inhibition assay to determine MIC. b ND, no activity was detected at the highest concentration tested. The inducibility of A. luxuriosa defensin 1 was confirmed by RT-PCR as described in Materials and Methods. b-Actin was used to show the expression pattern of a housekeeping gene. To ensure that there was no contamination by genomic DNA, PCR with b-actin primers using total RNA as the template was performed in the absence of reverse transcriptase (lane "total RNA"). bined with cDNA cloning, and was named A. luxuriosa defensin 1.
On immune challenge, insect antimicrobial peptides are induced mainly in the fat body, and are then secreted into the hemolymph. RT-PCR analysis showed that A. luxuriosa defensin 1 was immune-inducible (Fig. 3) , like most antimicrobial peptides. Fig. 4 . Amino acid sequence alignment of several insect defensins showing sequences that are highly conserved in different insect orders with boxed residues (A), and the relationship between the insect defensin dendrogram and the evolutionary tree of coleopteran insects (B). The amino acid sequence of A. luxuriosa defensin 1 deduced from cDNA cloning shows high sequence homology with that of Tenebrionoidea insect defensins, and is less similar to that of Scarabaeoidea insect defensins. Cluster analysis of pairwise genetic distances of individuals was performed using an unweighted pair-group method with the arithmetic mean (UPGMA) (Sneath and Sokal, 1973) . A dendrogram was constructed via the computer program GENETYX-Mac Ver 9.8 (GENE-TYX). The position of coleopteran insect defensins in the dendrogram is consistent with the evolutionary tree of coleopteran insects based on morphological features (Bradley, 1947) . Amino acid sequences aligned in this figure were cited from the following papers: T. molitor tenecin 1, Moon et al. (1994) ; Zophobas atratus defensin B and C, Bulet et al. (1991) ; A. dechotoma defensin, Miyanoshita et al. (1996) ; O. rhinoceros defensin, Ishibashi et al. (1999) ; H. diomphalia holotricin 1, Lee et al. (1995) ; P. maculiventris defensin 1, N. glauca defensin, E. tenax defensin, and C. perla defensin, Dimarcq et al. (1998) ; P. prasina defensin, Chernysh et al. (1996) ; P. apterus defensin, Cociancich et al. (1994) ; D. melanogaster defensin, Lazzaro and Clark (2003) ; S. peregrine sapecin, Matsuyama and Natori (1988) ; B. pascuorum defensin, Rees et al. (1997) ; A. melifera defensin, Fujiwara et al. (1990) ; A. cyanea defensin, Bulet et al. (1992) .
A structural analysis revealed that A. luxuriosa defensin 1 is comprised of 43 amino acid residues, and its propeptide consists of 83 amino acids (Fig.  2) . Insect defensins are among the best-characterized antimicrobial peptides. A study of the threedimensional structures of Phormia defensin A (Bonmatin et al., 1992; Cornet et al., 1995) and Sarcophaga sapecin (Hanzawa et al., 1990) revealed that insect defensins consist of an aminoterminal loop, a single a-helix, and a two-stranded anti-parallel b-sheet folded into the cysteine-stabilized ab (Csab) motif (Cornet et al., 1995) . Since three disulfide bridges support this motif, insect defensin sequences require six highly conserved cysteine residues. As shown in Fig. 4A , these six cysteine residues are conserved in A. luxuriosa defensin 1. Moreover, a glycine residue situated at the beginning of the first b-strand between the third and fourth cysteine residues is conserved in insect defensins (Dimarcq et al., 1998) , and the 32nd residue from the amino-terminal of A. luxuriosa defensin is a glycine residue (Fig. 4) . These observations led us to conclude that A. luxuriosa defensin exhibits the structural characteristics of insect defensins.
Homology research based on the amino acid sequence revealed that A. luxuriosa defensin 1 is more homologous with coleopteran insect defensins than with those of other insect orders (Fig. 4A) . Numerous insect defensins and their isoforms have been reported from seven insect orders: Odonata (Bulet et al., 1992) , Hemiptera (Cociancich et al., 1994; Chernysh et al., 1996) , Neuroptera (Dimarcq et al., 1998 ), Trichoptera (Dimarcq et al., 1998 , Coleoptera (Bulet et al., 1991; Moon et al., 1994; Lee et al., 1995; Miyanoshita et al., 1996; Ishibashi et al., 1999) , Hymenoptera (Casteels-Josson et al., 1994; Rees et al., 1997) , and Diptera (Matsuyama and Natori, 1988; Lambert et al., 1989; Hoffmann and Hetru, 1992; Dimarcq et al., 1994) . Among insect defensins, a small difference is seen between the sequences of the ancient arthropod type, such as dragonfly and scorpion defensins, and the endopterygote insect type (Dimarcq et al., 1998; Bulet et al., 1999) . Moreover, there are subgroups of the latter type based on C-terminal extension and the amidation of bee defensin (reviewed by Casteels-Josson et al., 1994; Rees et al., 1997; Hetru et al., 1998) . Similarly, the number of amino acid residues between the first and second cysteine residues of neuropteran, hemipteran, and coleopteran defensins differs from those of other defensins. These defensins contain 16 residues between the first two cysteines, whereas other defensin sequences are shorter. A. luxuriosa defensin 1 is an endopterygote insect-type defensin and its sequence includes 16 amino acid residues between the first two cysteines, as in other coleopteran defensins (Fig. 4) .
A dendrogram based on amino acid sequence homology generated by the UPGMA method revealed that A. luxuriosa defensin 1 is more closely related to coleopteran defensins than to the defensins of other insect orders (Fig. 4B) . A. luxuriosa defensin is most homologous with T. molitor tenecin 1 (79.07%), followed by Z. atratus defensin C (69.77%), Z. atratus defensin B (67.44%), A. dichotoma defensin (54.55%), H. diomphalia holotricin 1, 1A, 1B, and 1C (each 52.27%), and O. rhinoceros defensin (52.27%). These analyses indicate that A. luxuriosa defensin is more homologous with the defensins of insects belonging to the Tenebrionoidea, than to those of the Scarabaeoidea. This result is consistent with the evolutionary relationships of Coleoptera (Bradley, 1947) , in which the Cerambycoidea are closer to the Tenebrionoidea than to the Scarabaeoidea (Fig. 4B) .
A. luxuriosa defensin 1 exhibited antibacterial activity against both Gram-positive and Gram-negative bacteria, being active against the Gram-positive bacteria M. luteus, B. cereus, and B. subtilis, and the Gram-negative bacteria A. hydrophila, E. coli, and P. vulgaris. The antibacterial activity against susceptible Gram-positive and negative bacteria was much the same except for M. luteus, which was affected by a lower concentration. In addition, A. luxuriosa defensin had no affect on the yeast S. cerevisiae. Although insect defensins are predominantly active against Gram-positive bacteria, some peptides such as S. peregrina sapecin and Z. atratus defensin A are active against both Grampositive and Gram-negative bacteria, like A. luxuriosa defensin 1. However tenecin 1, the peptide most homologous to A. luxuriosa defensin 1, is reported to be active against Gram-positive bacteria only. This difference in the antibacterial spectrum results from the sequence dissimilarity of A. luxuriosa defensin 1 and tenecin 1, which is limited to 9 of 43 residues. Sequence dissimilarities between defensins might be one of the reasons for their diverse antibacterial spectrum. Currently, cationic antibacterial peptides including invertebrate, vertebrate, and plant defensins are considered to be a source of novel antibiotics (Hancock and Lehrer, 1998; Hancock, 2000) . Knowledge of the relationship between the amino acid sequence and antibacterial spectrum is required for the design of novel antibacterial peptides, and comparison of A. luxuriosa defensin 1 and tenecin 1 should contribute to this.
The Coleoptera is the most diverse insect order and consists of 13 superfamilies. However, antibacterial peptides have only been investigated in six insect species belonging to two superfamilies: the Scarabaeoidea and Tenebrionoidea. Three types of peptide have been found: coleoptericin, insect defensin, and an antifungal peptide. Due to the diversity of the Coleoptera, the discovery of further peptides is expected. To study the diversity of immune molecules involved in insect immunity, we investigated A. luxuriosa, which belongs to the super family Cerambycoidea, and identified a novel coleoptericin, acaloleptin A. Here, we report the presence of an insect defensin, A. luxuriosa defensin 1. We have also isolated further peptides involved in A. luxuriosa immunity (unpublished research). As a result, we believe that innate immunity in A. luxuriosa involves numerous antimicrobial peptides, as in D. melanogaster and B. mori.
